Prenatal obstetrical ultrasound (US) is routinely ordered for screening purposes at 11 to 14 weeks for nuchal translucency in the assessment of Down syndrome, at 18 to 20 weeks for an anatomic survey, and sometimes at 32 to 36 weeks to evaluate fetal size and placental location. However, currently, placental volume is not assessed on such USs, despite the fact that it is directly responsible for the growth and well-being of the developing fetus. Although assessment of gestational size is performed as soon as a tiny embryo can be visualized in the early first trimester, with measurement of crown-rump length, placental size has remained largely ignored. A major reason for this is that in the past, determining placental volume prenatally has often been time-consuming and/or required expensive technology and expertise. However in 2010, Azpurua et al demonstrated that placental weight can be accurately predicted using routine two-dimensional (2D) US to obtain placental width, height, and thickness, which, in conjunction with a validated mathematical equation, can be used to calculate the convex-concave shell volume of the placenta.
1
Abnormally decreased placental weight has been associated with intrauterine fetal demise (IUFD) and intrauterine growth restriction (IUGR) [2] [3] [4] [5] [6] [7] [8] ; therefore, knowledge about placenta volume prenatally has important implications for
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Abstract
Objective The objective of this study was to use two-dimensional (2D) ultrasound (US) during routine prenatal surveillance to develop normative estimated placental volume (EPV) growth curves. Study Design Patients ! 18 years old with singleton pregnancies were prospectively followed from 11 weeks gestational age (GA) until delivery. At routine US visits, placental width, height, and thickness were measured and EPV calculated using a validated mathematical model. Results In this study, 423 patients were scanned between 9.7 and 39.3 weeks GA to generate a total of 627 EPV calculations. Readings were clustered at 12 and 20 weeks, times of routine scanning. The mean EPV was 73 AE 47 cc at 12.5 AE 1.5 weeks (n ¼ 444) and 276 AE 106 cc at 20 AE 2 weeks (n ¼ 151). The data best fit a parabolic function as follows: EPV ¼ (0.384GA -0.00366GA 2 ) 3 . Tenth and 90th percentile lines were generated with AE 1.28 SE offset. EPV readings below the 10th or above the 90th percentiles tended to be associated with either small or large newborns, respectively. Conclusion Routine 2D US created EPV growth curves, which may be useful for stratifying patients into prenatal risk groups. included all pregnant patients ! 18 years old with singleton pregnancies presenting for routine screening prenatal US. Exclusion criteria included patients younger than 18 years, patients with more than a single gestation, and patients with known uterine, fetal, or placental abnormalities (including placenta previa). In total, the patient population consisted of 423 consecutively consenting patients, each of which had one to four EPV measurements performed during one or more prenatal visits.
EPV was calculated using the following validated convexconcave shell formula (►Fig. 1):
, where V is the volume; W, the maximal width; H, the height at maximal height; and T, the thickness at maximal height. 1 Once the maximal placental width was established, a cross-sectional image perpendicular to the plane of the placenta was taken on the US machine. Reference points were placed at the two tips of the placenta to establish the width measurement. Another reference point was placed at the apex of the placental curve at the interface of the placenta and decidua, which was connected to a point along the width to establish a perpendicular height line. The thickness was measured along the height line to the point where the placenta edge was crossed at the interface between the placenta and the amniotic fluid. For flat placentas, which were seen most often at 10 to 12 weeks of gestation, the width was established as described above, but the height and thickness lines were the same distance since there was no curvature to the placenta. EPV readings were then graphed against gestational age (GA) to generate normative growth curves with EPV percentiles using R version 2.14.2 (R Foundation for Statistical Computing, Vienna, Austria), which also generated an R 2 correlation coefficient and p value for the best fit curves. Patients with more than one EPV reading also had individual pair graphs, generated to demonstrate EPV trends. Pregnancy outcome information was obtained from electronic medical records, with special attention to those patients with outlying EPV readings (defined as below the 10th or above the 90th percentiles); the birth weights of the babies born to these patients were then also graphed against their GA at delivery to determine their birth weight percentile using Center for Disease Control and Prevention (CDC) growth charts.
Results
In this study, 423 patients were scanned between 9.7 and 39.3 weeks GA to generate a total of 627 EPV calculations. Readings were clustered at 12 and 20 weeks, times of routine scanning. The mean EPV at 12.5 AE 1.5 weeks (n ¼ 444) was 73 AE 47 cc and the mean EPV at 20 AE 2 weeks (n ¼ 151) was 276 AE 106 cc. The data best fit a parabolic function as follows: EPV ¼ (0.384 GA -0.00366GA
2 ) 3 (►Fig. 2, green line). The 10th and 90th percentile lines were generated with AE 1.28 SE offset from the 50th percentile green line (►Fig. 2, red lines). An R 2 correlation of 0.978 and a p value of < 2.2 Â 10 À16 were calculated with this best fit equation. Because some patients had two or more EPV measurements performed over their gestations, we also performed a subanalysis to evaluate the potential confounding affect of having multiple readings from some of the patients. We randomly selected one reading from patients with multiple readings, combined these data with all the patients with only one EPV reading and recalculated the best fit analysis, generating an equation with a first term (GA) within 2.2% of the original equation, an R 2 correlation within 0.2% of the original equation, and a p value that was identical to the original equation. The similarity between the best fit curves demonstrated that the patients with multiple readings did not bias the resultant curve generated when all the data points were used. When the results of all patients with two or more EPV readings were plotted against GA, a series of uniform growth Fig. 1 Representative gray-scale two-dimensional ultrasound image demonstrating the placental width (1-1), height (2-2), and thickness (3-3) measurements used to calculate an EPV. Distances in cm are shown in lower right corner, resulting in an EPV of 73.5 cc. Inset shows a diagrammatic version of the placental outline with the key measurements used to generate an EPV. Note that the height is always greater than the thickness whenever the placenta has any curvature. When the placenta is flat, the thickness and height are of the same measurement. EPV, estimated placental volume.
lines was revealed (►Fig. 3), illustrating marked consistency in growth of the placentas from this patient cohort.
Only 21 patients fell either below or above the 10th and 90th percentile lines, respectively. Although this number was not sufficient to determine whether there was a statistically significant correlation between outlying EPV readings and birth weight, the data appear to reveal a trend (►Table 1). Of the four patients with EPV readings below the 10th percentile, three gave birth to babies with notably low birth weight percentiles (10th, 12th, and 20th percentiles). Although the fourth gave birth to a baby with a birth weight at the 80th percentile, interestingly, this mother had gestational diabetes. On the other end of the spectrum, 17 patients had EPV readings above the 90th percentile. Of the 13 with birthweight data available in the electronic medical record, three gave birth to babies with notably high birth weight percentiles (90th, 95th, and 99th percentiles), while two had gestations associated with a genetic abnormality (Dandy-Walker and fragile X intermediate risk).
Discussion
This research used 2D US during routine prenatal surveillance and a validated mathematical equation to develop normative EPV growth curves. This represents an advance in clinical knowledge, as it is the first such placental growth chart to be developed. The implications for patient care are important: just as the CDC recommends that pediatricians use growth charts to monitor growth for infants and children, 9 such an EPV growth chart could be used by obstetricians to monitor the growth of the placenta in utero, in addition to the developing fetus, for risk stratification purposes.
As the growth of a fetus is dependent on the placenta, a small for GA placenta (defined as an EPV reading below the 10th percentile on an EPV growth chart) could be an earlier indication of a small for GA newborn than waiting until a fetus is noted to be in the 10th percentile or less on standard fetal growth charts. A small for GA fetus is at increased risk for adverse peri-and postnatal outcomes.
10 Therefore, if there is an easily usable and accessible screening test to potentially identify such fetuses as early as possible, then earlier interventions to optimize outcome may be a possibility. EPV represents such a screening test: in our experience, sonographers can quickly be taught to measure the placental length, width, and height of routine 2D prenatal US images. The EPV can be easily calculated using a free iPhone Fig. 3 Individual growth plots of all the patients with multiple EPV readings illustrating a marked uniformity in growth of the placentas from this cohort of patients. EPV, estimated placental volume. EPV, estimated placental volume; GA, gestational age.
American Journal of Perinatology application (►Fig. 4), an Excel spread sheet, or even directly on US machines that have the EPV equation programmed into the user options. In short, an EPV reading can be achieved within a minute or two, thus quickly providing reassurance that a placenta is within normal limits (10th-90th percentile) or flagging it as an outlier (below the 10th percentile or above the 90th percentile). Although the literature contains several studies on placenta weight percentile curves for singleton and twin studies, 11,12 the placental weights in these studies were taken in pathology departments after delivery; thus, a strength of the present study is that placental volume-while estimatedwas obtained prenatally, and the accuracy has been validated. 1 Other studies in the literature describing the estimation of placental volume in the prenatal period use three-dimensional (3D) US, 13,14 which is not always available; thus,
another strength of the present study is that our method of EPV calculation uses routine 2D US, which has widespread availability. Despite this distinction, the recent publication by Collins et al 13 using 3D US is related to the present study in that their goal was also to see if IUGR could be predicted as early as possible: they found that their semi-automated image processing technique from a 3D image obtained at the time of a nuchal scan could be used to predict growth restriction in both low-and high-risk populations (with a fixed falsepositive rate of 10%, sensitivity of 44%), albeit with sample size (N ¼ 145) smaller than ours (N ¼ 423). The objective of this study was to use 2D US to develop normative EPV growth curves, but having achieved this objective, this research begs the next question to be studied: can EPV predict IUGR and prevent IUFD? Although this study was not powered to investigate outcomes, review of the outliers suggests that this question is worthy of further investigation. For example, there was trending in the same direction for low outlying EPV readings: three out of four patients with low outlying EPV readings had newborns with notably low birth weight percentiles, demonstrating-if not a statistically significant correlation-at least a consistent trend. The one newborn that was not small for GA was the product of a mother with gestational diabetes. On the other end of the spectrum, there was an enrichment of notable outcomes (5) in patients with high outlying EPV reads with known outcomes (13) as well: of the 13, 3 delivered babies with high-birth-weight percentiles and 2 delivered babies with an associated genetic abnormality. Attention to outliers in future studies is recommended. Abbreviations: EPV, estimated placental volume; GA, gestational age; wk, weeks.
a Determined using the curves in ►Fig. 2. The main limitation of our study is its sample size: ideally, such a study should be replicated on a much larger scale, comparable to the large population-based studies used to establish the World Health Organization growth standards and CDC growth charts, 9 with multiple, more frequent EPV readings per patient. This was not fiscally possible for this research; therefore, we chose to do a feasibility study with the results providing preliminary pilot data in favor of a larger scale approach. Furthermore, as discussed above, because there were relatively few outlying EPV readings, a statistically significant correlation between abnormal EPV reading and postnatal outcome could not be determined. Our study was not powered to do this-rather, it was organized to generate normative growth curves. However, Pomorski et al 14 found a statistically significant difference in placental volume between normal and IUGR pregnancies, with placental volume in normal pregnancies 92 cc larger (on average) than in IUGR pregnancies, albeit with a sample size (N ¼ 120) smaller than ours, when employing a 3D Power Doppler and VOCAL technique in patients 22 to 42 weeks GA. In addition, since ours is a high volume institution employing multiple obstetrical sonographers, inter-and intra-observer variabilities in obtaining EPV measurements may have been present to some degree; however, all sonographers performing EPV measurements received prestudy training by the senior author and periodic checks by the head sonographer and first author to optimize measurements and minimize such variability. Finally, while the measurement method has some limitations in the third trimester, with the validation study demonstrating technical difficulties with large placentas when the GA was more than 36 weeks, 1 there were the fewest measurements in this trimester compared with the earlier two.
In conclusion, this study used 2D US during routine prenatal surveillance to develop normative EPV growth curves, the first ever generated. In clinical practice, these EPV curves could be used to flag a pregnancy for closer follow-up or further evaluation if an EPV reading is in the bottom or top 10th percentile. The next step is to investigate whether EPV can predict IUGR and prevent IUFD, and the pilot data from this study support the hypothesis that it may be able to do so. 
